In the present study, we show that reduced expresor when incubated in drugs (such as aphidicolin) that sion of Pol1p (the catalytic subunit of DNA polymerase inhibit DNA replication (Glover et al., 1984) . These sites α) results in high frequencies of chromosome translocaare also "hotspots" for the integration of viruses. In addition, chromosome translocations sometimes have tions and chromosome loss. We employed a genetic breakpoints at common fragile sites (Glover and Stein, method (an illegitimate mating assay) that allowed us 1988; Wang et al., 1997).
to select haploid strains with chromosome translocation and chromosome loss events, even when these events are haploid lethal. Using DNA microarrays and ) for about 100 diploids for each strain under each condition. The frequencies shown in this figure were determined by multiplying these ratios by the total frequency of illegitimate mating (Table S1 ).
Results
but are likely a result of slowed DNA replication in response to reduced levels of DNA polymerase α. We also examined the effects of reduced expression of Reduced Levels of Pol1p Increase Sensitivity to DNA Damaging Agents POL1 on the ability of cells to repair or tolerate DNA damage ( Figure S3 ). When grown in low-galactose meTo examine the phenotypes associated with low levels of DNA polymerase α, we constructed a strain (NPD1) dium, the GAL-POL1 strain was more sensitive than the wild-type strain to ultraviolet light (UV), methyl-methane in which the galactose-regulatable GAL1/10 promoter was fused to POL1 (the gene encoding the catalytic sulfonate (MMS), and hydroxyurea (HU). Since sensitivity to DNA-damaging agents is a phenotype often assosubunit of DNA polymerase α). When this strain is grown in 0.005% (low) galactose, the expression of ciated with cells that are genetically unstable, we used a different assay to determine the effect of low DNA DNA polymerase α is approximately 10% of the wildtype level; since the GAL1/10 promoter is active polymerase on genome stability. As described below, this assay revealed a very high rate of chromosome rethroughout the cell cycle, whereas the POL1 promoter is S phase-specific, it is likely that the level of α DNA arrangements and chromosome loss in strains with low levels of DNA polymerase α. polymerase in S phase is less than 10-fold decreased in the GAL-POL1 strain. When the strain is grown in 0.05% (high) galactose, α DNA polymerase is exReduced Levels of Pol1p Increase the Frequency of Illegitimate Mating pressed at a level approximately 3-fold higher than that seen in wild-type cells (see Figure S1 in the SuppleThe mating of a haploid yeast cell is regulated by the mating type, or MAT, locus. The genetic information mental Data available with this article online). Additionally, the GAL-POL1 strain grew slowly in low-galactosepresent at this locus, which is located on the right arm of chromosome III, determines whether a haploid cell containing medium (details in the Supplemental Data) and progressed slowly through S phase ( Figure S2) . is of the α or a mating type. Wild-type haploid cells mate efficiently only to cells of the opposite mating These effects are not a consequence of a low amount of a carbon source in the medium since for both lowtype to form a MATa/α diploid cell. As shown in Figure  1A , the wild-type MATα haploid (MS71) mated effiand high-galactose medium 3% raffinose was included ciently to a tester strain of the opposite mating type (a) gitimate mating is a result of a MAT locus mutation, the resulting diploid will be MAT−/α and should be incapabut very inefficiently to a strain of the same mating type (α). Similarly, the MATα GAL-POL1 mutant haploid ble of sporulation but capable of further mating to a MATa haploid. None of the 289 diploids generated by grown in high-galactose-containing medium mated efficiently to a tester strain of the opposite mating type (a) the illegitimate mating of the GAL-POL1 strain pregrown on low-galactose medium were capable of sporbut inefficiently to a strain of the same mating type (α). However, when this mutant strain was grown in lowulation. Additionally, all of the illegitimate diploids were capable of further mating to a MATa tester strain. These galactose-containing medium, while legitimate (α × a) mating was unaffected, the efficiency of illegitimate findings suggest that the illegitimate matings that generated these diploids were not caused by a mating type (α × α) mating was dramatically increased. Under the conditions in which these experiments were performed switch event, but rather by a mutation or deletion of the MAT locus. (5-fold excess of the tester maters), all viable cells of both wild-type and GAL-POL1 strains mated legitiBecause deletion of the MAT locus leads to the mating of haploid cells of the same mating type, illegitimate mately with an efficiency of approximately 1 in both high-and low-galactose-containing medium (data not mating can be used to detect chromosome deletions and chromosome loss involving yeast chromosome III shown). In contrast, there was a 210-fold increase in the illegitimate mating efficiency of the GAL-POL1 strain, (McCusker and Haber, 1981; Gordenin et al., 1991). To determine whether the Alf phenotype of the GAL-POL1-relative to the wild-type strain, when grown in the presence of low levels of galactose (Table S1 ). When the derived illegitimate diploids described above was a result of a point mutation of the MATα locus or a more GAL-POL1 strain was grown in medium with high levels of galactose, the frequency of illegitimate mating was extensive deletion of chromosome III, we mated the α haploids of the two genotypes (wild-type and GALelevated about 3-fold.
There are two types of events that can lead to the POL1), pregrown on low-galactose medium, to a MATα tester strain (1225) that had recessive mutations loillegitimate mating of an α haploid to another α haploid: (1) a mating type switch which converts a MATα haploid cated on the left (his4) and right (thr4) arms of chromosome III. As shown in Figure 2, Figure 3 . As derescued by mating to the tester haploid, generating an scribed in the legend, each ORF is represented by a illegitimate diploid containing at least one copy of the vertical bar. Equal, decreased, and increased gene dosessential genes. Therefore, this system allows for the ages of the experimental DNA relative to the control are specific identification of lethal chromosomal abershown by yellow, blue, and red colors, respectively. rations that are rescued by illegitimate mating.
In the two Class 1 diploids, no alterations in gene The distributions of these three classes for the wilddosage were observed (data not shown), consistent type and GAL-POL1 strains grown in low-and highwith the possibility of a point mutation inactivating the galactose-containing media are shown in Figure 1B .
MATα locus or a fusion between the two MATα strains. Wild-type cells grown in either type of media had simIn the Class 2 diploid ( Figure 3A) , all of the ORFs on ilar frequencies of the three classes. In the GAL-POL1 chromosome III were 2-fold underrepresented, consisstrain, grown in either type of media, Classes 2 and 3 tent with a single copy of chromosome III in the diploid. were equally frequent and both were about 10-fold There are two plausible mechanisms for this chromomore frequent than Class 1. These data, coupled with some loss. First, low levels of DNA polymerase may the above-described results on the rates of illegitimate result in failure to complete chromosome replication mating, indicate that low levels of α DNA polymerase prior to chromosome segregation, resulting in loss of lead to very high rates of chromosome loss and large the chromosome from one cell and, presumably, duplideletions. This conclusion was confirmed by DNA cation of the chromosome in the daughter cell. Alternamicroarray analysis, as described below. This techtively, low levels of DNA polymerase may lead to an nique has been used previously to characterize yeast increased frequency of double-strand DNA breaks chromosome alterations associated with the contin-
(DSBs). If the broken chromosomes are degraded uous growth of cells in limiting glucose (Dunham et al., rather than repaired, chromosome loss would occur. 2002). Finally, it should be mentioned that our estimates
There were three different types of Class 3 illegitiof the frequencies of chromosome loss and rearrangemate diploids that were found for both the wild-type ments are likely to be underestimates, since some cells and GAL-POL1 strains. Class 3A diploids had both a with these events might be incapable of being rescued deletion of sequences from the right arm of chromoby mating.
some III and a duplication of sequences from a different The data shown in Figure 1B and Table S1 also indicate chromosome. The segment duplicated varied among that overexpression of DNA polymerase (GAL-POL1 independent Class 3A diploids. For example, in the dipstrain grown in high galactose) results in elevation in chroloid shown in Figure 3B , a segment from the right arm mosome loss and chromosome rearrangements, although of chromosome IV is duplicated. Class 3B diploids had this effect is relatively subtle compared to that oba deletion of sequences from the right arm of chromoserved in cells with low polymerase levels. It is possible some III but no duplication ( Figure 3C ). Class 3C dipthat the overexpression of one subunit of α polymerase loids had no obvious deletion or duplication (data not reduces the number of properly assembled polymershown). The numbers of Class 3A:3B:3C diploids (as ase-primase complexes.
determined by microarray analysis) were 3:1:7 for the wild-type strain and 3:1:4 for the GAL-POL1 mutant Reduced Levels of Pol1p Induce Chromosome Loss strain.
and Chromosome Rearrangements
Several types of Class 3 events were unique to the DNA was isolated from two Class 1 (one wild-typewild-type strain including (1) a deletion resulting from derived and one GAL-POL1-derived), one Class 2 recombination between the MATα and HMR loci (iden-(GAL-POL1-derived), and twenty-four Class 3 (sixteen tical to the "Hawthorne" deletion [Hawthorne, 1963] ), wild-type-derived and eight GAL-POL1-derived) illegiti- of all chromosome III sequences, and (5) duplication of and (4) the centromere-proximal Ty1 element at FS1 and the YPRWTy1-3 element of chromosome XVI (strain sequences from the left arm of III (between a Ty2 element and the telomere) and a duplication of sequences DMS71-12; wild-type-derived). In summary, the Class 3A diploids contain a translocation between a centroon the right arm.
We performed a detailed analysis of four Class 3A mere-proximal Ty1 element of FS1 or FS2 and a Ty element of a nonhomologous chromosome. The orientation illegitimate diploids (one wild-type-derived and three GAL-POL1-derived). From the microarray analysis, it was of the involved Ty elements is such that monocentric rather than dicentric chromosomes were generated. clear that the breakpoints on chromosome III marking the deleted sequences in these strains occurred at one of The presence of the predicted translocation chromosomes was verified by analysis of intact chromosomes two sites that were centromere-proximal to the MAT locus, one immediately centromere-distal to SRD1
(CHEF gels) (data not shown). The generation of Class 3A diploids can be explained (termed "FS1" for fragile site 1) and one immediately centromere-distal to RHB1 ( likely to be difficult. In the diploid generated by illegitimate mating, DNA polymerase levels would be elevated in the same positions as observed for MS71; we have no evidence for additional Ty1 elements on chromobecause transcription of the POL1 gene in the haploid tester strain 1225 is regulated by the endogenous prosome III (although we did not examine the whole chromosome), but we confirmed the presence of a Ty2 moter. Second, for two of the illegitimate diploids (DNPD104 and DNPD106), we determined that the element (YCLWTy2-1) on the left arm of III (data not shown).
translocations were generated in the diploid following mating. Both of these illegitimate diploids had a transThe presence of Ty elements in FS1 and FS2 suggests that the patterns observed in the microarray location between chromosomes III and IV. We identified a sequence polymorphism located near the telomere of analysis of Class 3A strains likely reflect the presence of chromosomal translocations generated by homolochromosome IV, and we showed that the 1225-derived allele was present in two copies in the strains containgous recombination between the Ty elements located in FS1 or FS2 with Ty elements on nonhomologous ing the translocation, indicating that the BIR event occurred in the diploid (details of the analysis in the Supchromosomes. This conclusion was confirmed by a detailed Southern analysis. The particular Ty elements inplemental Data). Finally, as will be discussed below, Class 3C diploids are very likely to represent BIR events volved in the translocations from the four strains that were analyzed were as follows: (1) the centromerethat could occur only in the diploid. We identified two Class 3B illegitimate diploids that proximal Ty1 element at FS1 and the YBRWTy1-2 element of chromosome II (strain DNPD101; GAL-POL1-had a deletion of sequences on chromosome III but no duplication of other sequences ( Figure 3C) ; one was derived), (2) the centromere-proximal Ty1 element at FS2 and the YDRCTy1-2 element of chromosome IV derived from the illegitimate mating of the wild-type (MS71) strain and the other was derived from the illegiti-(strain DNPD104; GAL-POL1-derived), (3) the 3# delta element of the centromere-proximal Ty1 element at FS2 mate mating of the GAL-POL1 mutant strain. By microarray analysis, the deletion had a breakpoint near FS2 and the 5# delta element of the YDRCTy1-2 element of chromosome IV (strain DNPD106; GAL-POL1-derived),
(for the wild-type-derived diploid) or FS1 (for the GAL- 
POL1-derived diploid). These isolates may represent chromosome III is repaired by a BIR event in the diploid.
However, unlike the BIR events that lead to the generabroken chromosomes that were "capped" by telomeric sequences, although it is also possible that they are tion of Class 3A illegitimate diploids, these events utilize allelic sequences from chromosome III of the tester also a result of a translocation involving a Ty element located very near a telomere (resulting in a duplication 1225 strain as a template. As described previously, we found several additional that was undetectable by microarray analysis). CHEF analysis of intact chromosomes confirmed a truncated types of Class 3 events only in diploids derived from the wild-type strain. One of these rearrangements (in form of chromosome III in both of these Class 3B diploids (data not shown). strain DMS71-23) was extensively characterized by Southern analysis and CHEF gels (details in the SuppleIn Class 3C illegitimate diploids, no obvious deletions or duplications were observed. Since the diploids mate mental Data). In this strain, one copy of chromosome III had a deletion of the sequences distal to FS2, a duas though they were MATα strains and are threonine auxotrophs, they lack two linked genes derived from plication of sequences between FS1 and FS2, and a duplication of sequences centromere-distal to a Ty2 elthe GAL-POL1 parent. The microarray analysis, however, indicates that these strains are homozygous ement on the left arm of III ( Figure 3D ). We also examined the effects of low α DNA polymerrather than hemizygous for the MAT and THR4 loci. One simple explanation of Class 3C diploids is that a broken ase on the rates of mitotic recombination and chromo- The study presented here demonstrates that naturally occurring yeast sequences are capable of producing effects similar to those described above. These previously reported observations suggest several nonexclusive explanations for our results. One explanation It is likely that the Ty retrotransposons are important element on the left arm of chromosome III were dupliin generating chromosomal rearrangements in two difcated. As depicted in Figure S6 , this chromosome ferent ways. First, they represent a common dispersed structure can be explained by resolution of a cruciform repetitive sequence, and ectopic recombination bestructure at FS2, followed by replication of the resulting tween dispersed repeats can produce translocations, giant hairpin structure, followed by a secondary recominversions, deletions, and duplications (summarized in bination event between the Ty2 element on the left arm Umezu et al. [2002] ). Second, if a Ty element transand a Ty1 element of FS1.
poses very near a second Ty element, resulting in an Our studies indicate that the frequency of DNA inverted repeat, the resulting structure would be exbreaks at FS2 is much higher in strains with low levels pected to generate a very high rate of chromosome reof α DNA polymerase. Since we find, however, similar arrangements by the mechanisms discussed above. classes of chromosome rearrangements in diploids reBoth of these properties are probably relevant to the sulting from the illegitimate mating of wild-type strains, observation that karyotypic differences between dif-FS2 is likely to be an important source of genomic inferent yeast species are consistent with ectopic exstability even when the levels of α DNA polymerase are changes between Ty elements (Fischer et al., 2000) . In normal. In support of this conclusion, it should be addition, chromosomal rearrangements that accumunoted that FS2 has also been identified as a region late in experimental evolution studies performed 
